For a better understanding of the nature of isomer depletion via the nuclear excitation by electron capture (NEEC) process, we have presented here, for the long-lived (T 1/2 ∼ 6.85 h) 93m Mo isomer, the results of highprecision multiconfiguration Dirac-Fock calculations concerning the dependence of the energy released by electron capture into different atomic subshells of the N, M, and L shells on the specific charge state. These energy values can be understood as benchmarks, i.e., reference parameters, which are crucial for implementations of the proposed beam-based scenario approach for different stopping targets. The authors believe that this detailed analysis of the atomic conditions for the NEEC process should be a first step to applied research, which aims to allow the controlled release of energy stored in the nuclear isomer of selected elements. The presented studies may contribute to the development of the concept of new, unconventional, and ultra-energy-dense nuclear power sources.
Introduction
Long-lived nuclear isomers, i.e., metastable excited states of atomic nuclei, have been proposed for extremely high-density energy storage materials and considerable research has been conducted to investigate a means to induce a release of energy on demand (see the review in [1] and references therein). One of the possible mechanisms is isomer depletion via the nuclear excitation by electron capture (NEEC) process [2] [3] [4] [5] . In the NEEC process, which is the inverse of the well-known internal-conversion process, a free electron is captured into an unoccupied atomic subshell of an ion with the simultaneous excitation of the nucleus. The NEEC process can only occur when the kinetic energy of the free electron plus the magnitude of electron energy released once it is captured matches the energy difference between the two nuclear states. The NEEC process was predicted in 1976 [2] and has been the subject of many detailed theoretical researches (see, e.g., Refs. [3] [4] [5] [6] [7] , where isomer depletion via NEEC was proposed in Ref. [3] ). For many decades, there have been unsuccessful attempts to observe the NEEC process, e.g., with 242 Am in an electron beam ion trap [8] and with bare 57 Fe ions passing through an Si crystal [9] .
It is worth noting that recently we have performed [10] an extensive study on the optimal conditions for the first experimental evidence of the NEEC process for the 93m Mo isomer using the beam-based approach proposed in Ref. [11] . In this approach, a long-lived 6.85 h 93m Mo isomer with spin parity 21/2 + (see Fig. 1 ) could be produced through a fusion-evaporation reaction in inverse kinematics, where a heavy projectile strikes a light target [10, 11] . The NEEC process allows an excitation from the 93m Mo isomer (at 2425 keV) to a 17/2 + intermediate state (depletion level) with a half-life of 3.5 ns that lies only 4.85 keV higher in energy (see Fig. 1 ). The depletion level subsequently decays and releases a significant amount of stored energy (2429.8 keV). The 17/2 + shorter-lived isomer decays to a 13/2 + state via a 267.9 keV transition that gives a possibility for unique identification of NEEC because that γ ray does not exist in the natural decay of the 93m Mo isomer [10] .
It needs to be highlighted that very recently our results [10] have supported the first observation [12] of isomer depletion via the NEEC process for the 93m Mo isomer, i.e., the identification of a new physical phenomenon, using the Digital Gammasphere [13] γ-ray spectrometer installed at the linear accelerator facility (ATLAS) at Argonne National Laboratory. The 93m Mo isomers were produced through the 90 Zr + 7 Li fusion-evaporation reaction according to the proposed beam-based scenario [10, 11] . Choosing fast heavy projectiles (840 MeV 90 Zr beam) and light 7 Li target results in recoiling 93m Mo reaction products that move at high energies in approximately the same direction as the beam [12] . Traversal of those recoiling 93m Mo ions through a stopping medium caused them to become highly ionized. The stopping medium ( 12 C target) would also provide atomic electrons to the recoiling 93m Mo ions at a high velocity, as seen in the reference frame of the ions [10] [11] [12] . Finally, the resonance condition for NEEC could be achieved during the slowing down of the recoiling 93m Mo ions in the 12 C stopping medium. In our experimental setup [12] , the confirmation for the evidence of the 93m Mo isomer depletion via the NEEC process was the unique registration, in coincidence, of the characteristic γ-rays sequence 267.9 keV-684.7 keV-1477.2 keV (see Fig. 1 ) along with a 2475 keV transition feeding the long-lived isomer (not shown). On the basis of the analysis of some preliminary results of our study [10] , it has been concluded that the electron capture into M and N subshells are the most probable for observation of the NEEC process within the advanced beam-based scenario approach for the long-lived 93m Mo isomer. However, our previous studies [10, 12] indicate that for comprehensive knowledge and better understanding of the nature of the NEEC process, it is necessary to carry out for 93m Mo ions further detailed and extensive analysis of the atomic parameters, especially the energy released by electron capture into different atomic subshells.
Theoretical background
Extensive high-precision calculations have been carried out using the relativistic multiconfiguration Dirac-Fock (MCDF) method. The MCDF method was mainly developed by Grant and co-workers [14, 15] and was de-scribed in many articles [14] [15] [16] [17] [18] [19] . The Hamiltonian for an N -electron system can be expressed as
where h D (i) is the Dirac operator and the terms C ij account for electronelectron interactions that are a sum of the Coulomb operator and the transverse Breit operator. An atomic state function (ASF) with the total angular momentum J and parity p is assumed in the form of
where Φ(γ m J p ) are configuration state functions (CSF), c m (s) are mixing coefficients for state s, and γ m gives information uniquely defining a certain CSF. In addition, the calculations include QED corrections: selfenergy and vacuum polarization. Our study has been performed using the General-purpose Relativistic Atomic Structure Package (GRASP) [15] and GRASP2K [18] packages.
Results
We have presented here, for the 93m Mo isomer, the results of highprecision MCDF calculations concerning the dependence of a significant parameter, i.e., the energy released by electron capture into different atomic subshells of the N, M, and L shells, on the specific charge state (q) and assumed electronic configuration. These energy values can be understood as benchmarks, i.e., reference parameters, which are crucial for implementations of the proposed beam-based scenario approach for different stopping targets. Here, it is worth noting that the energy released by the electron capture process to the system with charge state q can be treated as the binding energy of the caught electron in the (q − 1) ionized system. Table I collects the values of the energy released after electron capture into given M and N atomic subshells of the 93m Mo isomer for specific charge states. The 93m Mo ion is slowing down (from its recoil energy after the nuclear reaction) while traversing the stopping medium, and the NEEC process can occur when the sum of the kinetic energy of the free electron (in the reference frame of the 93m Mo ion) and the magnitude of electron energy released once it is captured into a particular subshell is equal to the energy difference between the two nuclear states, i.e. 4.85 keV (see Fig. 1 ) [10, 12] . So the conditions for the NEEC process can be obtained for electron capture into particular atomic subshells and for appropriate q of 93m Mo. Our previous analyses [10, 12] have shown that, in the case of electron capture into the M and N atomic subshells, the lowest charge state for which the NEEC process occurs is q = +32, i.e., when the 93m Mo isomer kinetic energy is still high enough [10] . Therefore, charge states of a 93m Mo isomer from q = +32 [10] to q = +42 (i.e., bare ion) have been considered in Table I . The dependence of energy released by electron capture into M and N subshells of the 93m Mo isomer on q is also presented in Fig. 2 . As can be seen from Table I and Fig. 2 , with the increase of charge state, the energy released by electron capture into given subshells increases significantly, but grows faster for M subshells than for N subshells. It is worth underlining that the energies released by electron capture for M subshells are much higher than for N subshells. This is due to the fact that the electrons in the M subshells are more tightly bound with the nucleus than electrons in the N subshells. Moreover, for the 93m Mo isomer, it is also possible that the electron can be captured into different L subshells, in the case of excited configurations having an incompletely filled L shell. Table II presents the values of energy released after electron capture into given L atomic subshells of a 93m Mo isomer for charge states from q = +21 to q = +31. For the considered q, the excited initial configurations are obtained from the final configuration by removing an electron from the 2s, 2p 1/2 , or 2p 3/2 subshell. As can be seen from Table II , the values of energies released by electron capture into the 2s, 2p 1/2 , or 2p 3/2 subshell are very high, much higher than for M and N subshells. It should be noted that the kinetic energy of the free electron for NEEC to occur (in the reference frame of the 93m Mo ion), equal to the difference between the nuclear energy required for the occurrence of the NEEC process (4850 eV) and the energy released by electron capture into L subshells (see Table II ), is very small. This requires that the kinetic energy of the 93m Mo ion in the laboratory frame needed for NEEC resonance would also be very small, giving relatively low probability for holes existing in the L subshells, especially for higher charge state. Therefore, the possibility for the NEEC process occurring by electron capture into the L shell seems to be much lower than in the cases of the M and N shells.
On the other hand, for higher q, the existence of excited configurations with holes in the L shell would significantly broaden the resonance window widths [10] for the occurrence of the NEEC process for electron capture into the M and N shells. In particular, for the excited configurations with holes in the 2s subshell, the NEEC resonance window width for electron capture into the 3p subshell could reach the value of 0.03 eV, compared to values of the order of 0.00001 eV found without considering this effect in Ref. [10] .
Summary and conclusions
For a better understanding of the nature of the NEEC process, we have presented here in the framework of the proposed beam-based scenario approach, the 93m Mo isomer benchmark values for the energies released by electron capture into different atomic subshells of the N, M, and L shells for specific charge state q and assumed electronic configurations. These energy values have been obtained using the high-precision MCDF method, implemented with the GRASP and GRASP2K packages. Analysis of these benchmark values has shown that, with the increase of charge state, the energy released by electron capture into given subshells grows significantly, but faster for M subshells than for N subshells. In addition, the energies released by electron capture for M subshells are much higher than for N subshells. Moreover, for the studied q, the energies released by electron capture into the M and N subshells give the best opportunity for observation of the NEEC process for the 93m Mo isomer [10] .
It has also been found that the values of energies released by electron capture into the L shell are very high, much higher than for M and N subshells. So, for NEEC resonances, the kinetic energy of the free electron (in the reference frame of the 93m Mo ion) and also the kinetic energy of the 93m Mo ion in the laboratory frame are very small, providing relatively low probability for existing holes in the L subshell, especially for higher charge states. Thus, the possibility of the NEEC process occurring by electron capture into the L shell seems to be low. However, the existence of excited configurations with holes in the L subshells would significantly broaden the resonance window widths for the NEEC process for electron capture into the M and N subshells.
The authors believe that this improved analysis of the atomic conditions for the NEEC process will have an impact on the development of the theories describing isomer depletion processes. In addition, it can have an effect on a better understanding of the processes occurring in the Universe, and in particular, provide knowledge concerning the survival of the nuclei of different isotopes of the elements in stellar environments [12] . It should also be a first step to applied research, which aims to allow the controlled release of energy stored in the nuclear isomer of selected elements. These studies may contribute to the development of the concept of new, unconventional, and ultra-energy-dense nuclear power sources [1, 10] . 
